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Age-related changes in ligament properties may have clinical implications for injuries in the mature
athlete. Previous preclinical models documented mechanical and biochemical changes in ligaments with
aging. The purpose of this study was to investigate the effect of aging on ligament properties
(mechanical, molecular, biochemical) by comparing medial collateral ligaments (MCLs) from 1-year-old
and 3-year-old rabbits. The MCLs underwent mechanical (n¼7, 1-year-old; n¼7, 3-year-old), molecular
(n¼8, 1-year-old; n¼6, 3-year-old), collagen and glycosaminoglycan (GAG) content (n¼8, 1-year-old;
n¼6, 3-year-old) and water content (n¼8, 1-year-old; n¼5, 3-year-old) assessments. Mechanical
assessments evaluated total creep strain, failure strain, ultimate tensile strength and modulus. Molecular
assessments using RT-qPCR evaluated gene expression for collagens, proteoglycans, hormone receptors,
and matrix metalloproteinases and their inhibitors. While total creep strain and ultimate tensile strength
were not affected by aging, failure strain was increased and modulus was decreased comparing MCLs
from 3-year-old rabbits to those from 1-year-old rabbits. The mRNA expression levels for lubricin/pro-
teoglycan 4 (PRG4) and tissue inhibitor of metalloproteinase-3 increased with aging; whereas, the mRNA
expression levels for estrogen receptor and matrix metalloproteinase-1 decreased with aging. Collagen
and GAG content assays and water content assessments did not demonstrate any age-related changes.
The increased failure strain and decreased modulus with aging may have implications for increased
susceptibility to ligament damage/injury with aging. Lubricin/PRG4 gene expression was affected by
aging and its speculated role in ligament function may be related to interfascicular lubrication, which in
turn may lead to altered mechanical function with aging and increases in potential for injury.
& 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Estimates indicate that around 25–45% of sports-related inju-
ries, across all age groups, involve the knee joint (Witman et al.,
1981; Galasko et al., 1982; Baquie and Brukner, 1997; Majewski
et al., 2006). The devastating effects of sport-related knee injuries
on young athletes are well understood and have prompted mul-
tiple sporting societies to adopt rigorous knee injury prevention
programs. Unfortunately, the mature athlete is often ignored
during discussions surrounding knee injuries and their effect onLtd. This is an open access article u
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hornton).quality of life. In general, it is easy to assume that older athletes are
at higher risk of activity-related injuries when compared to their
younger counterparts. However, attempts at determining their
actual incidence of injury have shown that they appear to be at
similar risk (Ganse et al., 2014; Stathokostas et al., 2013). Recently,
more attention has been directed towards the study of the mature
athlete with speciﬁc attention to knee injuries. A Finnish popula-
tion study showed that people between 45 and 74 years of age had
2.5-times higher relative risk of sustaining a knee injury when
compared to people between 25 and 44 years of age, during
“lifestyle activities”, such as gardening, hunting, ﬁshing, and home
repair (Haapasalo et al., 2007). Additionally, for knee injuries
presenting to United States emergency departments, knee injury
rates increased signiﬁcantly from 1999 to 2008 for the age groups
45–64 years of age, and 65 years of age and older (Gage et al.,
2012). Furthermore, a prospective epidemiological study reportednder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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seen (Majewski et al., 2006). Of these, 24.9% consisted of injury to
the medial collateral ligament (MCL) in participants over 50 years
old, in comparison to 17.2% in participants 20–49 years old
(Majewski et al., 2006).
Age-related changes in ligament may have important clinical
implications for ligament injuries in the mature athlete (McCarthy
and Hannaﬁn, 2014). Aging leads to alterations in the mechanical
properties of ligaments. In human anterior cruciate ligament
(ACL), Noyes and Grood (1976) documented decreased stiffness,
modulus, ultimate force and ultimate tensile strength (UTS) with
age using two age groups: 16–26 years, 48–86 years. Likewise,
Woo et al. (1991) found that human ACL stiffness and ultimate
force were decreased with age using three age groups: 22–35
years, 40–50 years, 60–97 years. More recent studies of the human
medial collateral ligament (MCL) have cautioned that, similar to
the ACL, strength and stiffness that were measured only assessing
older MCLs may underestimate the strength and stiffness of
younger MCLs (Robinson et al., 2005; Wilson et al., 2012).
Previous work in preclinical models supported the ﬁnding that
aging leads to alterations in the mechanical properties of liga-
ments. In MCLs from 1-year-old and 3-year-old rabbits, UTS was
not affected, but modulus was decreased with age (Woo et al.,
1990). Also, water content was not affected, but collagen con-
centration and synthesis were decreased with age in MCLs from
1-year-old and 3-year-old rabbits (Amiel et al., 1991).
The effect of aging on lubricin/proteoglycan 4 (PRG4) expres-
sion in ligament has yet to be explored. Jay (1992) was the ﬁrst to
deﬁne the role of lubricin as a boundary lubricant in animal
synovial joints. Since then, lubricin has been identiﬁed in canine,
bovine, and human knee ligaments (Sun et al., 2006; Lee et al.,
2008; Zhang et al., 2011). Because lubricin has been found on the
surface of ligaments and between collagen ﬁbre bundles in liga-
ments, it is thought to serve as both a surface lubricant as well as
an interfascicular lubricant in ligaments (Lee et al., 2008).
Our purpose in the current study was to examine the effect of
aging on MCLs from 1-year-old and 3-year-old rabbits comparing
low-load (creep) and high-load (failure) mechanical properties,
molecular expression of collagens and proteoglycans, and water,
collagen and glycosaminoglycan (GAG) content. Our ﬁrst hypoth-
esis was that MCLs from 3-year-old rabbits would have greater
total creep strain, greater failure strain, and decreased modulus
compared with MCLs from 1-year-old rabbits. Secondly, 3-year-old
rabbit MCLs would have decreased collagen expression and con-
tent, but similar biglycan and decorin expression and GAG content,
and water content compared with 1-year-old rabbit MCLs. Thirdly,
3-year-old rabbit MCLs would have increased lubricin/PRG4
expression compared with 1-year-old rabbit MCLs.2. Methods
Medial collateral ligaments (MCLs) from 1-year-old and 3-year-old female New
Zealand White rabbits were used in this study approved by the University of Cal-
gary Animal Care Committee. The MCLs from 15 1-year-old rabbits underwent
mechanical (n¼7), molecular (n¼8), collagen and GAG content (n¼8) and water
content (n¼8) assessments. The MCLs from 12 3-year-old rabbits underwent
mechanical (n¼7), molecular (n¼6), collagen and GAG content (n¼6) and water
content (n¼5) assessments. For the mechanical and water content assessments,
the complete MCL was evaluated. For the molecular and biochemical assessments,
the middle portion of the MCL was used for the molecular evaluation, and the
anterior and posterior portions of the MCL were evenly distributed for collagen and
GAG content evaluations. In all but one case, the MCL used for molecular and
biochemical assessments was contralateral to the MCL used for water content
assessment, rather than the MCL used for mechanical assessments. The remainingMCLs that were contralateral to those for mechanical assessments were used in a
different study.
2.1. Mechanical
Hindlimbs were dissected, leaving the menisci and collateral and cruciate
ligaments intact. The tibia was cut at the ﬁbula–tibia junction and the femur was
cut 30 mm proximal to the MCL insertion. The tibia was cemented using poly-
methylmethacrylate in the upper grip which was then mounted in series with a
500 N load cell. After ensuring the MCL was aligned with the load axis of the
actuator (MTS Systems Corporation, Minneapolis, MN, USA), force was zeroed.
Then, the femur was cemented in the lower grip, ensuring approximately 70° of
knee ﬂexion, before displacement was zeroed.
Following two compression–tension cycles from 5 N to þ2 N, the MCL was
isolated by removing the lateral collateral ligament, medial and lateral meniscus,
and anterior and posterior cruciate ligaments. After completing two additional
compression–tension cycles and stopping at þ0.1 N to establish “ligament zero”,
displacement was zeroed. Then, MCL length was measured using digital calipers
and MCL midsubstance cross-sectional area was measured using area calipers
(Shrive et al., 1988). Following environment chamber equilibration (37 °C and 99%
relative humidity), the MCL underwent two additional compression–tension cycles
to re-establish “ligament zero”.
For cyclic creep, the MCL underwent 30 cycles at 1 Hz from þ0.1 N to a force
corresponding to 4.1 MPa. For static creep, the MCL was held at that force for
20 min. After 20 min of recovery, the MCL was elongated to failure at 20 mm/min.
Strain was deﬁned as deformation divided by MCL length (Thornton et al.,
2002). Total creep strain was the increase in strain from the peak of the ﬁrst cycle in
cyclic creep to the end of the 20 min of static creep. The UTS was the failure force
divided by MCL cross-sectional area. Failure strain was the deformation at the
failure force divided by MCL length. Modulus was the slope of the linear regression
of the upper 50% of the failure stress–strain curve.
2.2. Molecular
Tissues were dissected, snap frozen in liquid nitrogen, and powdered using a
Braun Dismembrator (B. Braun Biotech Inc., Allentown, PA, USA). Total RNA was
isolated using the TRIspin method described previously (Reno et al., 1997). Total
RNA was quantiﬁed on a Turner 450 ﬂuorescence spectroﬂuorometer (Barnstead/
Thermolyne, Dubuque, IA, USA) with a standard of calf liver ribosomal RNA. One mg
of total RNA was reverse transcribed using Qiagen Omniscript RT kit (Qiagen Inc.,
Valencia, CA, USA). Aliquots were used in real-time RT-qPCR using primers created
and validated for the target mRNAs (Table 1). The RT-qPCR was carried out in an
iCycler (Bio-Rad, Hercules, CA, USA) and using iQ SYBR Green Supermix (Bio-Rad).
Values for individual molecules were normalized to corresponding 18S values.
2.3. Biochemical
2.3.1. Water content
Ligaments were weighed immediately on a microbalance for the wet weight
and dried under vacuum until the dry weight ceased to change (Funakoshi et al.,
2007). Water content was the difference in ligament wet weight and dry weight
divided by wet weight and expressed as a percentage.
2.3.2. Collagen and glycosaminoglycan (GAG) content
2.3.2.1. Collagen assay. Collagen content was analyzed using the Sircol Collagen
Assay (Accurate Chemical & Scientiﬁc Corporation, Westbury, NY, USA). Collagen
was extracted from the tissues with a 1.0 mL aliquot of 0.1 mg pepsin/mL 0.5 M
acetic acid as detailed in the kit protocol. Extraction was carried out overnight at
4 °C. The extraction was repeated with an additional 1.0 mL aliquot of the pepsin/
acetic acid solution and the two extractions were combined. An aliquot of 1.0 mL of
the combined extraction was used for each assay. The assay was performed exactly
as outlined in the kit protocol. Aliquots (200 mL) of the ﬁnal supernatant were
transferred to a 96 well plate and absorbance at 550 nm was determined in a
micro-plate reader (Bio-Rad Benchmark Plus Microplate Spectrophotometer with
Bio-Rad Software Microplate Manager 5.2). Collagen content was determined from
the standard curve and results were expressed as mg Collagen/mg wet weight.
2.3.2.2. GAG assay. Glycosaminoglycan (GAG) content was measured using the
Blyscan Sulfated Glycosaminoglycan Assay (Accurate Chemical & Scientiﬁc Cor-
poration, Westbury, NY, USA). Following the kit protocol, tissues were digested
with 1.0 mL of papain buffer. Digestion was carried out overnight at 65 °C. An ali-
quot of 100 mL of the digestion was used to continue as per instructions in the kit
protocol. Aliquots (200 mL) were transferred to a 96 well plate and assessed with a
micro-plate plate reader at 656 nm (Bio-Rad Benchmark Plus Microplate Spectro-
photometer with Bio-Rad Software Microplate Manager 5.2). GAG content was
Table 1
Primer sequences.
Gene Forward sequence Reverse sequence
Biglycan gatggcctgaagctcaa ggttgttgaagaggctg
Collagen I gatgcgttccagttcgagta ggtcttccggtggtcttgta
Collagen III ttataaaccaacctcttcct tattatagcaccattgagac
Collagen V gaggagaaccaggaataacc gcacctttctctccgatgcc
Decorin tgtggacaatggttctctgg ccacattgcagttaggttcc
Estrogen Receptor gtgtctgtgatcttgtcc ctccatgatcaggtccac
MMP-1 gcagttgagaagctgaagca ccatcaatgtcatcctgagc
MMP-3 gccaagagatgctgttgatg aggtctgtgaaggcgttgta
MMP-13 ttcggcttagaggtgacagg actcttgccggtgtaggtgt
Progesterone Receptor ccacagtacagcttcgagtc gaggacaccataatgacagc
Lubricin/PRG4 gaacgtgctataggaccttc cagactttggataaggtctgcc
TIMP-1 gcaactccgaccttgtcatc agcgtaggtcttggtgaagc
TIMP-2 gtagtgatcagggccaaag ttctctgtgacccagtccat
TIMP-3 tctgcaactccgacatcgtg cggatgcaggcgtagtgtt
18S tggtcgctggctcctctcc cgcctgctgccttccttgg
MMP¼matrix metalloproteinase
PRG¼proteoglycan.
TIMP¼tissue inhibitor of metalloproteinase.
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2.4. Statistical analysis
If data did not follow a normal distribution as evaluated by Shapiro-Wilk tests,
then Mann–Whitney U tests were used to compare data fromMCLs from 1-year-old
with 3-year-old rabbits. If data followed a normal distribution, then Student's t-
tests were used.3. Results
3.1. Mechanical
Comparing MCLs from 3-year-old to 1-year-old rabbits, total
creep strain was not different (p¼1.0) but failure strain wasFig. 1. Mechanical properties of MCLs from 1-year-old and 3-year-old rabbits: (A) toincreased with age (p¼0.021; Fig. 1). The UTS was not different
comparing MCLs from 3-year-old to 1-year-old rabbits (p¼0.6) but
modulus was decreased with age (p¼0.036; Fig. 1). The majority of
MCLs failed in the midsubstance of the ligament with one femoral
condyle fracture in the 3-year-old group.
3.2. Molecular
Expression of lubricin/PRG4 mRNA in the MCLs increased with
age (p¼0.028; Fig. 2) with no changes detected for any of the
other proteoglycans or the collagens investigated. In MCLs from
3-year-old rabbits, estrogen receptor mRNA levels were decreased
compared to MCLs from 1-year-old rabbits (p¼0.007; Fig. 2), with
no detectable changes in progesterone receptor mRNA levels
(p¼0.5). Matrix metalloproteinase-1 (MMP-1) mRNA expression
was down-regulated (p¼0.059) and tissue inhibitor of metallo-
proteinase-3 (TIMP-3) mRNA expression was up-regulated
(p¼0.049) in MCLs from 3-year-old rabbits compared to MCLs
from 1-year-old rabbits, with no changes in mRNA levels detected
for any of the other MMPs and TIMPs investigated (Fig. 2).
3.3. Biochemical
Comparing MCLs from 3-year-old to 1-year-old rabbits, no
differences were detected for collagen content (p¼0.4) or GAG
content (p¼1.0) with age (Fig. 3). Water content of MCLs from
3-year-old rabbits was not statistically different than water con-
tent of MCLs from 1-year-old rabbits (p¼0.6).4. Discussion
Aging affected the mechanical properties of rabbit medial col-
lateral ligaments, exhibiting decreased modulus and increased
failure strain. In addition to these mechanical changes, the
expression levels for lubricin/PRG4 and TIMP-3 mRNA weretal creep strain, (B) failure strain, (C) ultimate tensile strength, (D) modulus.
Fig. 2. Molecular properties of MCLs from 1-year-old and 3-year-old rabbits: (A) lubricin/PRG4, (B) estrogen receptor, (C) matrix metalloproteinase-1 (MMP-1), (D) tissue
inhibitor of metalloproteinase-3 (TIMP-3).
Fig. 3. Biochemical properties of MCLs from 1-year-old and 3-year-old rabbits: (A) collagen content, (B) glycosaminoglycan (GAG) content.
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mRNA were decreased with aging. Collagen, GAG and water con-
tent assessments did not change with aging.
The low-load mechanical property of total creep strain was not
affected by aging, but the high-load mechanical property of failure
strain increased with age. In addition, aging ligaments had
decreased modulus compared to younger ligaments. These age-
related mechanical changes may have implications for potential
damage accumulation differences with age. Reduction in modulus
is a marker of damage during long-term loading of normal and
healing ligaments (Thornton et al., 2007; Thornton and Bailey,
2012) and the consequence of decreased modulus due to agingcould indicate accumulated damage and the potential for damage
to accumulate more readily.
The current study found that modulus decreased with age with
no change in UTS comparing MCLs from 3-year-old to 1-year-old
rabbits, ﬁndings consistent with those of Woo et al. (1990). Also,
the current study found that water content, collagen mRNA levels
(collagen I, II, V) and collagen content were not affected by aging;
whereas, Amiel et al. (1991) found that water content was not
affected by aging, and collagen concentration and synthesis were
decreased with age when comparing MCLs from 3-year-old and
1-year-old rabbits. The differences in the collagen ﬁndings may be
related to the different techniques used to assess collagen.
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with aging in the rabbit MCL, ﬁndings consistent with the obser-
vation of decreased MMP-1 protein expression with aging in the
human ACL (Hasegawa et al., 2013). In the Hasegawa et al. (2013)
study, ACLs from adults over the age of 60 years were categorized
as either aging ACLs or degenerated ACLs when moderate to severe
ACL and cartilage degeneration was observed. The ﬁnding that
TIMP-3 expression levels were increased when MMP-1 expression
levels were decreased also indicates alterations in the MMP/TIMP
balance associated with aging that may be unique to aging liga-
ments that are not yet overtly degenerating.
The only proteoglycan evaluated that was affected by aging was
lubricin/PRG4 which exhibited increased mRNA levels in MCLs
from 3-year-old rabbits compared with MCLs from 1-year-old-
rabbits. The other proteoglycans evaluated, biglycan and decorin,
did not exhibit changes in mRNA levels related to aging, and these
observations are consistent with the lack of age-related difference
in the ligament GAG content using an assay for sulfated GAGs.
Lubricin/PRG4 would not be detected by such a sulfated GAG assay.
The investigation of lubricin/PRG4 and its role in ligaments has
not been as well-studied as in other musculoskeletal tissues, i.e.
articular cartilage, meniscus, and tendon (Sun et al., 2006; Lee
et al., 2008; Funakoshi et al., 2008; Zhang et al., 2011). Lee et al.
(2008) reported that bovine ACLs and posterior cruciate ligaments
(PCLs) stained for lubricin/PRG4 on their surface, as well as
between collagen ﬁbre bundles. Lee et al. (2008) suggested that
lubricin/PRG4 aids in the gliding between collagen bundles within
the substance of the ligaments themselves. Interestingly, support
for this conclusion has been well-established when considering
the role of lubricin/PRG4 in tendons. Various preclinical models
(canine, bovine, caprine, rat) have been used to demonstrate the
presence of lubricin/PRG4 on both the surface of tendons, as well
as the interface between collagen fascicles (Sun et al., 2006; Lee
et al., 2008; Funakoshi et al., 2008; Kostrominova and Brooks,
2013). Hayashi et al. (2013) provided biomechanical evidence for
the role of lubricin/PRG4 in mouse deep digital ﬂexor tendons by
comparing tendon gliding resistance in heterozygous (Prg4 þ/þ),
wild type (Prg4 þ/), and knockout (Prg4 /) mice. The
knockout mice exhibited signiﬁcantly increased resistance to
tendon gliding, as well as roughened physical appearance, synovial
hyperplasia, and cartilage-like tissue deposition within the ten-
dons themselves. The current study demonstrated a signiﬁcantly
greater expression of lubricin/PRG4 in MCLs from 3-year-old rab-
bits when compared to 1-year-old rabbits. This increase in liga-
ment lubrication may help explain why a signiﬁcantly greater
failure strain and lower modulus were found with aging for the
ligaments. Aging ligaments may become more susceptible to
damage accumulation than their younger counterparts due to the
increased collagen fascicle lubrication imparted by higher lubricin/
PRG4 expression.
Furthermore, lubricin/PRG4 may impede the healing of injured
tissue. This was ﬁrst suggested by Funakoshi and Spector (2010) in
a caprine infraspinatus tendon cell culture study, and then later
supported by Zhang et al. (2011) in an analysis of human ACL and
menisci. Zhao et al. (2010) demonstrated that repaired canine
ﬂexor tendons treated with a lubricin-containing hyaluronic acid
compound showed decreased post-operative adhesions, but this
was also associated with impaired tendon healing. This data,
highlighting the negative healing properties of lubricin, helps
support why aging ligaments may accumulate damage more
readily. The aging ligament may not be able to repair as effectively
as younger ligament after repeated micro-trauma due to its
increased expression of lubricin/PRG4; thus, making it more sus-
ceptible to damage accumulation than younger ligament with
lower lubricin/PRG4 levels.The current study demonstrated that aging ligaments had
decreased modulus and increased lubricin/PRG4 expression. Pre-
vious studies in rodent tendon demonstrated that aging tendon
exhibited increased stiffness (Wood et al., 2011) and decreased
lubricin/PRG4 gene and protein expression (Kostrominova and
Brooks, 2013). While the relationship between changes in lubricin/
PRG4 expression and stiffness/modulus is consistent, the changes
with aging appear to be different between ligaments and tendons.
The aging ligament model was MCL and the aging tendon model
was tibialis anterior tendon. The differences between ligament and
tendon may be related to the load that each experience in vivo
which are generally thought to be 5–10% UTS for ligaments and
30–40% UTS for tendons (Butler et al., 2003). Comparison of
human tibialis anterior tendon in vivo loads (Maganaris and Paul,
1999) and in vitro failure loads (Clark et al., 2010) suggest that this
tendon operates within that suggested range.
The rabbit preclinical model has been used as an aging model
starting with 2.6-year-old rabbits considered aged (Duan et al.,
(2011); Guzmán-Morales et al. 2014). Lubricin/PRG4 mRNA levels
were not conﬁrmed with protein analysis in the current study,
primarily due to a lack of suitable rabbit-speciﬁc reagents. For
canine and bovine ligament, gene expression was corroborated
with protein expression (Sun et al., 2006; Lee et al., 2008). A lack
of age-related change in low-load strain behaviour characterized
by total creep strain may be related to the potential for collagen
ﬁbre recruitment, even with increased ﬁbre lubrication, to mini-
mize strain at low loads (Thornton et al., 2002). The mechanical
consequences of age-related changes in lubrication may only be
detected where the compensation from ﬁbre recruitment is not
available; for example, at higher loads or with accumulated
damage marked by a reduction in modulus.
In summary, the ﬁndings from this preclinical model suggest
that age-related changes in mechanical properties, like decreased
modulus and increased failure strain, could make aging ligaments
more susceptible to damage accumulation or injury that their
younger counterparts. These age-related changes in ligament
mechanical properties may be associated with other age-related
changes in ligament, like increased gene expression of lubricin/
PRG4 which has been associated with interfascicular lubrication.
Age-related changes in ligament properties may have important
implications for ligament injury in the mature athlete.Conﬂict of interest statement
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